Abstract-This paper describes the design of a front-end circuit consisting of an integrated preamplifier with a Sallen-Key Butterworth filter for very-high-frequency ultrasonic transducers and a low-power handheld receiver. This preamplifier was fabricated using a 0.18-µm 7WL SiGe bi-polar complementary metal oxide semiconductor (BiCMOS) process. The Sallen-Key filter is used to increase the voltage gain of the front-end circuit for high-frequency transducers which are generally low in sensitivity. The measured peak voltage gain of the frontend circuits for the BiCMOS preamplifier with the Sallen-Key filter was 41.28 dB at 100 MHz with a −6-dB bandwidth of 91%, and the dc power consumption of the BiCMOS preamplifier was 49.53 mW. The peak voltage gain of the front-end circuits for the CMOS preamplifier with the Sallen-Key filter was 39.52 dB at 100 MHz with a −6-dB bandwidth of 108%, and the dc power consumption of the CMOS preamplifier was 43.57 mW. Pulse-echo responses and wire phantom images with a single-element ultrasonic transducer have been acquired to demonstrate the performance of the front-end circuit.
I. Introduction U ltrasound imaging systems at higher frequency (>20 mHz) have better spatial resolution for many medical imaging applications than those at lower frequency (a few hertz to 15 mHz) [1] , [2] . The first stage of the receiver unit in an ultrasonic imaging system usually contains a preamplifier and a filter, which can affect the performance of the system to a significant degree. The design of a high-frequency front-end circuit which can be integrated into a receiving channel of an array is a challenge [3] . First, electrical impedance matching is one of the important issues, especially for very-high-frequency ultrasound preamplifiers because the performances of these preamplifiers are limited by parasitic impedances of the transistors, discrete components, and chip pad as the frequency increases [3] . second, cable loss is another issue of concern for integrated preamplifier design. cable loss may be reduced by connecting the integrated preamplifiers as closely to the transducer as possible. Third, integrated preamplifiers must be implemented in the multi-channel format to reduce the footprint size of the layout. Fourth, multi-channel preamplifiers consume more dc power than single-channel preamplifiers, limiting the battery life of a handheld receiver.
operational amplifiers have been widely used for frontend preamplifier design of an ultrasonic receiver. However, the gain for these devices is high in the low-frequency region but the bandwidth is limited, as shown in Figs. 1 and 2. To extend the bandwidth in the frequency domain, a feedback loop consisting of resistors and capacitors may be used [4] . However, this may lead to oscillation of the preamplifier and generate higher thermal noise [4] . matching or optimization of the performances with additional components could be difficult because of the high input impedance of an operational amplifier.
To overcome these problems, a novel integrated preamplifier has been designed and fabricated. by comparing cmos and bi-polar complementary metal oxide semiconductor (bicmos) devices, one can provide design guidelines for the optimal performance of the integrated preamplifier for high-frequency ultrasonic transducers. cmos and bicmos device characteristics are summarized in Table I . This data comparison is collected from literature and Ibm technology documents [6] [7] [8] .
This design has been shown to have wider bandwidth and higher gain even for high-frequency operations because its performance can be controlled by off-chip resonant tank circuits, as shown in Fig. 3 , which are a more stable architecture without a feedback loop. Impedance matching is achievable with off-chip inductors and capacitors, equivalent capacitances of the electrostatic discharge devices, and capacitance of the transistor. With this topology, the input impedance, frequency, and bandwidth can be tuned and optimized for the best performance.
one of the important issues of multi-channel integrated preamplifiers is dc power consumption. operating at a higher frequency consumes more power because a preamplifier working for a higher center frequency occupies a wider bandwidth than the preamplifier at a lower center frequency. This novel preamplifier uses fewer transistors and lower values of resistances than operational amplifiers, thus generating a lower noise figure and requiring less power consumption.
II. architecture, Design, and Fabrication
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performances of both integrated preamplifiers. a block diagram of the integrated preamplifier with an active sallenKey butterworth low-pass filter is shown in Fig. 4 . The common-source and common-gate amplifier are two commonly used low-noise amplifier topologies. For a common-gate amplifier, there is no gate-drain capacitance in the transistor (m 1 ), providing better reverse isolation, but it inherently has a worse noise performance than a common-source topology. However, the common-source amplifier can use cascade structures to reduce the isolation, improving the stability of the circuit. Therefore, the common-source topology with a cascade structure is preferred over the common-gate with a cascade structure for better noise performance.
The source-degenerated integrated preamplifier (Fig. 5 ) is a viable alternative to operational amplifiers because it has more optimal impedance matching, higher operating frequency, and lower dc power consumption [6] . an analysis of the source-degenerated integrated preamplifier is described subsequently.
The input impedance of the source-degenerated integrated preamplifier is defined as
where Z tr is the input impedance of the preamplifier, C cap is the de-coupling capacitor, L g is the gate inductance of the transistor m 1 , C EsD is the total capacitance of varactor diodes, L s1 is the source inductance of the transistor m 1 , g m1 is the small signal transconductance of the transistor m 1 , and C π1 is the parasitic base-emitter capacitance of the transistor m 1 .
With this topology, the imaginary term of (1) should be zero to match 50-Ω resistance. although the reactive part of the impedance of an ultrasonic transducer at resonance has often been approximated as a capacitor such that a long cable or an inductor may be used to match the impedance of the receiving electronics, the equivalent circuit of the input impedance of an ultrasonic transducer over the whole bandwidth is actually a fairly complex network consisting of resistive, inductive, and capacitive components.
A. BiCMOS Preamplifier
The architecture of a bicmos integrated preamplifier is shown in Fig. 6 . all chip pads are protected by hyperabrupt varactors for electrostatic discharge (EsD) protection devices [9] . a new approach is needed for impedance matching for high-frequency ultrasonic transducers/arrays. If there is no source inductor, the input impedance (1) can be simplified to 
Eq. (2) shows that electrical impedance matching with the high-frequency ultrasonic transducer can be determined by de-coupling capacitance, off-chip inductance, the equivalent capacitance of the hyperabrupt varactors and the inner capacitances of the transistor m 1 . Therefore, this allows us to have a means to manipulate the matching condition for the transducer more accurately and help optimize the performance of the integrated preamplifier. The large signal transductance of the first-stage preamplifier can be replaced by
where g m1HbT is the small signal transconductance of the HbT(m1), i out1 is the drain current of transistor m 1 , and V in1 is the gate voltage of transistor m 1 . Therefore, the voltage gain of the first-stage preamplifier can be represented as
where g m2mos is the small-signal transconductance of m 2 , R d1 is the load resistance and inner resistance of the transistor m 2 , L d1 is the load inductance, C d1 is the load capacitance and inner capacitance of the transistor m 2 , and Z d1 is the load impedance of the first-stage preamplifier. The voltage gain of the second-stage preamplifier is defined as
where g m3mos is the transconductance of the mosFET m 3 , R d2 is the load resistance with inner resistance of the first-and second-stage preamplifier, and L d2 is load inductance of the first-and second-stage preamplifier The voltage gain of the preamplifier is given by
The voltage gain can be improved by increasing the value of load impedance and transconductance, and by decreasing the value of load capacitance, gate-source capacitance of the transistor m 1 , and hyperabrupt varactor.
The center frequency and −3-db bandwidth of the integrated preamplifier depend on the off-chip components and inner impedance of the first-and second-stage preamplifiers and are given by
where W p is the resonant center frequency of the integrated preamplifier and bW is the −3-db bandwidth of the integrated preamplifier. For noise analysis of the preamplifier design, the flicker noise (also called the 1/f noise) and thermal noise from the transistors are usually considered. First, the flicker noise is dependent on the surface of the semiconductor devices [4] , [8] . Generally, the HbT shows lower 1/f noise than mosFETs because the flicker noise of the HbT is attributed to the base-emitter junction current in the substrate [9] . For the low-frequency operation of the pream- plifier, the flicker noise is more dominant than the thermal noise. The input-referred flicker noise equation is given by
where K is the process-dependent constant on the order of 10 −25 V 2 F, A e is the emitter junction area of HbT, I b is the base current of HbT, and f is the operating frequency The flicker noise decreases as the frequency is increased. Further, transistors with larger width and length generate less 1/f noise. However, for the high-frequency preamplifier, the thermal noise is a more dominant factor than the flicker noise. Unlike flicker noise, thermal noise can be reduced by proper design, e.g., increasing transconductance (g m1HbT ). For the common-gate mosFET m 2 , the noise term can be neglected because of the large output impedance [10] , [11] . With high gain in the first stage of the preamplifier, the noise term of the second stage can be neglected. Therefore, the noise figure of the bicmos preamplifier can be simplified to
where r b is the base resistance of the HbT. The transconductance of HbT is theoretically higher than that of mosFET, thus generating a lower noise figure for the bicmos preamplifier than for the cmos preamplifier [8] , [9] .
B. CMOS Preamplifier
compared with the architecture of the bicmos preamplifier, the HbT device m 1 is replaced by mosFET m 1 in the cmos preamplifier. Fig. 7 shows the architecture of a cmos integrated preamplifier and its component values as listed in Table II .
The input impedance of a cmos preamplifier is defined as
where C gs1 is the parasitic gate-source capacitance of the transistor m 1 . The voltage gain of the cmos preamplifier can be represented as
where g m1mos is the transconductance of the mos-FET m 1 . The noise figure of the cmos preamplifier can be written as
where r g is the gate-resistance of mosFET m 1 .
C. Active Sallen-Key Butterworth Filter
an active sallen-Key butterworth filter is used to increase the voltage gain of the front-end circuits for the high-frequency transducer. With a sallen-Key filter topology, the high-voltage gain may affect the stability. a large capacitor (c 8 ) is used to reject unwanted noise from the power supply [12] . The architecture of the sallen-Key filter is shown in Fig. 8 .
If the open-loop gain (A v ) of the operational amplifier is infinite, the transfer function of the sallen-Key butterworth low pass filter can be simplified as
Therefore, the operational frequency (f n ), open-loop gain (A n ), and quality factor (Q) of this active sallen-Key butterworth low pass filter can be represented as
The operational amplifier which is used for this filter is the voltage feedback amplifier (oPa843, Texas Instruments Inc., Dallas, TX).
D. Fabrication of Integrated Preamplifier
The integrated preamplifier chip was fabricated using the Ibm bicmos 7Wl process (armonk, ny) and these preamplifiers are packaged in 40-pin dual in-line pack- ages (DIP) from mosIs (marina del rey, ca). Electrical matching is one of the most important factors to be considered in the design of an integrated preamplifier for high-frequency ultrasonic transducers. In the chip layout, mismatched circumstances are usually caused by gradient effects, which can be compensated by using multiple fingers and adjusting the length size of the transistor [13] - [14] . simulation results show that transistor devices having two fingers yield the optimal performance. another important issue in the layout is the noise. noise source reduction from transistor substrate coupling is needed. Therefore, shielding rings like substrate rings for integrated preamplifiers are used to reduce the substrate noise [14] . The connection between the EsD devices and PaDs should be as short as possible to reduce the parasitic capacitances. These EsD devices are capable of protecting the preamplifiers from abrupt short pulses within a few nanoseconds. all input and output pins are connected to hyperabrupt varactors because high voltages are typically used to excite ultrasonic transducers [9] , [15] . a microphotograph of the top-layout is shown in Fig 9. 
III. Experimental results

A. Measurement Procedure of Integrated Preamplifier and Front-End Circuits
Each of the selected preamplifiers with an active sallenKey butterworth low-pass filter was measured and tested with a lithium niobate (linbo 3 ) ultrasonic transducer to obtain the pulse-echo responses and wire phantom images. The s-parameters are useful performance indicators of circuits or systems because other parameters are technically more difficult to measure at high frequencies. The s-parameters (gain, input and output reflection coefficient, and noise figure), the input third-order intercept point (IIP3), the output 1-db output compression point (P1db), and the output third-order intercept point (oIP3) of the integrated preamplifier with the gain of the front-end circuit were measured. Impedance matching conditions can be described with input reflection coefficient (s11) and output reflection coefficient (s22), swept from 20 to 240 mHz, and they should be below −10 db for the desired center frequency. The reverse gain (s12) is the reverse isolation from the output port to the input port. a low value of s12 shows good isolation in the circuit.
The noise figure measurements were carried out with a spectrum analyzer (EE4401b, agilent Technologies, santa clara, ca) and a high-gain amplifier (aU-1114, mITEq, Hauppauge, ny). For noise figure measurements, the gain method was used [16] , [17] . This method requires a high gain to measure the performance. because the gain of integrated preamplifier itself was not sufficient, another high-gain amplifier was added to measure the noise figure. Therefore, the integrated preamplifier and an additional amplifier (aU-1114) were used at the same time. 
The noise figure of the multiple-stage amplifier is given by
Therefore, the noise figure of the integrated preamplifier for a two-stage system can be represented as
IIP3, oIP3 and oP 1db are useful parameters to determine the linearity of the preamplifier. For the IIP3 measurement, an attenuator (HaT-30+ 30-db attenuator, mini-circuits, brooklyn, ny) was used because of the limited voltage range of the function waveform generator (aFG3252, Tektronix, beaverton, or). The IIP3 measurement point was obtained based on 10 mHz two-tone spacing from the center frequency (90 and 110 mHz). The oIP3 is measured with 10 mHz two-tone spacing between 60 and 140 mHz and oP 1db is also measured by increasing input power until the gain is saturated between 60 and 140 mHz. Fig. 10 shows the measured performances of the bicmos and cmos preamplifier, and its front-end circuit and the data are summarized in Table III. The measured input reflection coefficient and output reflection coefficient values show that the lowest point deviates slightly from 100 mHz, although they demonstrate desirable performances which should be less than −10 db at 100 mHz. The measured noise figure of cmos pream- Fig. 9 . microphotograph of the preamplifier chip. plifier shows that it drops rapidly from 50 mHz. Therefore, the simulated lowest noise figure of the cmos preamplifier is 6.5 db at 100 mHz, but the measured noise figure at 100 mHz is 5.61 db and the measured lowest noise figure is 3.51 db at 70 mHz. The difference between simulated data and measured data may come from the off-chip components such as inductors and capacitors, because the simulation model of the parasitic impedances for the offchip components from the manufacturers is not sufficient to obtain accurate data. The reverse gain is approximately −50 db around 80 mHz, which represents good isolation from output port to input port. From Fig. 10(f) , the measured voltage gain is the summed result of Figs. 10(e) and 10(f) and the buffer. We place the buffer in the last stage to compensate for the degraded performances of the active filter in the higher frequency range (>120 mHz) because a high voltage gain (about 15 db) and impedance mismatch in the active filter would degrade the performance of the front-end circuit in the high-frequency range.
B. Measured Data of the Integrated Preamplifier, Filter, and Front-End Circuits
From Fig. 10(h) , the dot-dashed lines with circles stand for the fundamental output power of the bicmos and cmos preamplifier. The dashed lines with squares and dashed lines with crosses stand for the third-order intermodulation product of bicmos and cmos preamplifier. The output power at 1 db compression point (oP 1db ) versus frequency and output third-order intercept point (oIP3) are shown in Figs. 10(i) and 10(k). The oIP3 of the bicmos preamplifier is around 11 or 12 dbm and that of the cmos preamplifier is between 17 and 21 dbm, between 60 and 140 mHz. The oP 1db of the bicmos preamplifier is between 2 and 5 dbm and that of the cmos preamplifier is between 6 and 9 dbm, between 60 and 140 mHz. The high gain and limited supply voltage cause the integrated preamplifiers to have a relatively low linearity performance; however, the performance can be improved by modifying the preceding stages, such as filter and buffer [18] .
The voltage gain of the front-end circuits could be variable to avoid clamping of the signal. The maximum voltage gain of the bicmos and cmos preamplifier is around 24 db. Therefore, the maximum echo signal should be around 114 mV limited by the supply voltage. The echo signals in the experiment were so low (<50 mV) that the clamping of the signal was avoided. If the echo signal is more than 114 mV, the voltage gain of the preamplifier should be variable. This means that the resonant-load tank circuits for each cascade amplifier must use variable resistors to control the voltage gain. otherwise, the voltage gain of the active sallen-Key filter must be made variable or the voltage gain of the power amplifier which triggers the transducer must be adjustable.
C. Pulse-Echo Responses of a Ultrasonic Transducer With Front-End Circuits
a pulse-echo response measurement is commonly made to evaluate the performance of an ultrasonic transducer and associated electronics [19] . The linbo 3 transducer (Fig. 11 ) was tested in a water tank with quartz as a reflector. a monocycle generator (aVTEcH aVb2-THE-c, avtech Electrosystems ltd., ottawa, ontario, canada), expander, limiter, and designed front-end circuits were used in the measurement, and the echo signal from the transducer was recorded with an oscilloscope (lecroy 9350al, lecroy corp., chestnut ridge, ny). Input and output 50-Ω coaxial cables (Pomona 2249-c-60, Pomona Electronics Inc., Everett, Wa) were used. Table IV shows the parameters of an ultrasonic transducer.
The echo data of the transducer (Fig. 11) showing the center frequency, −6-db bandwidth, and received peak-topeak voltage are shown in Fig. 12 .
because the integrated preamplifier has negative voltage gain, the pulse-echo data show an inverted waveform. Pulse-echo responses including the front-end circuits exhibit comparable performances to a Panametrics 5900Pr (olympus nDT Inc., Waltham, ma), with lower ring down and smoother spectrum shape.
D. Wire Phantom Images of an Ultrasonic Transducer With Front-End Circuits
The wire phantom consisted of 4 tungsten wires: one 6-μm-diameter and three 20-μm-diameter. all wire phan- tom images (Fig. 13) were acquired with an ultrasound biomicroscope (Ubm) system developed in-house and are displayed in a 50 db dynamic range. The mechanic motor was controlled by servo motor controller in labview (national Instruments, austin, TX) to scan a cross-section of the wires. The generated rF signals were received by a 12-bit data acquisition board (Gage applied Technologies, lockport, Il) and the wire phantom images were postprocessed in labview.
The images show a comparison of the axial and lateral resolution between a Panametrics 5900Pr and the frontend system. The axial and lateral resolution of the frontend circuits based on the bicmos and cmos preamplifier show better snr than the Panamterics 5900Pr in Fig.  14 ; the data are summarized in Table V . The −6-db axial and lateral resolution of the front-end circuits based on the bicmos preamplifier are 14 and 30 μm in Figs. 14(b) and 14(d). The −6-db axial and lateral resolution of the front-end circuits based on the cmos preamplifier are 13 and 21 μm in Figs. 14(f) and 14(h). The −6-db axial and lateral resolution of the Panametrics 5900Pr with 40 and 38 db gain are 14 and 23 μm in Figs. 14(a), 14(c), 14(e), and 14(g). Therefore, the axial and lateral resolutions of the front-end circuits based on the both cmos and bicmos preamplifier are compatible to those obtained with Panametrics 5900Pr.
The integrated preamplifiers are shown to yield lower noise figure and dc power consumption at higher frequencies than devices reported in the literature. However, in these devices, off-chip inductors and capacitors would be needed to optimize their performances. Table VI gives a comparison of the integrated preamplifiers for ultrasonic transducer applications published in the literature and this design.
For cmUT applications or commercial ultrasound analog front-end circuits, the operational-amplifier-based preamplifier without impedance matching circuits is used. The designed preamplifier uses fewer transistors and lower values of resistances than an operational-amplifier-based preamplifier, thus generating lower noise figure (2.9 db) and smaller power consumption (49.53 mW) than an operational-amplifier-based preamplifier (150 mW power consumption from Wygant et al. [26] , 10 db noise figure from Kim et al. [28] ). It also has more freedom in choosing the resonance center frequency because the center frequency can also be determined by off-chip inductors and capacitors rather than by the transistors and feedback loop resistors in the operational-amplifier-based topology. The designed preamplifier must use inductors and capacitors for matching electrical impedance and improved voltage gain, causing the size of the chip to be larger than an operational-amplifier-based preamplifier if the operating frequency of the preamplifier is relatively low. Therefore, this designed preamplifier could be more desirable if the operating frequency of the devices is a few hundred megahertz to allow integration without the external inductors so that the inductance values of the resonant-load tank and impedance matching circuits can be lower, thus reducing the spaces in the chip. If the operating frequency of the transducer is low, active inductor design using transistors is also an alternative way to replace the off-chip passive inductor [29] , [30] . The drawback is that the active inductor may degrade the noise performance of the preamplifier, while reducing the chip space. 
IV. conclusion
This paper reports the design and measured performances of an integrated preamplifier and filter chain with a single-element ultrasonic transducer. In these integrated preamplifiers, impedance matching with a high-frequency ultrasonic transducer, voltage gain, center frequency, −6-db bandwidth, and noise figure can be more easily controlled than in operational amplifiers. The measured peak voltage gain of the bicmos preamplifier with the filter was 41.28 db at 100 mHz, the −6-db bandwidth was 91%, and dc power consumption of the bicmos preamplifier was 49.53 mW. The peak voltage gain of the cmos preamplifier with the filter was 39.52 db at 100 mHz, the −6-db bandwidth was 108%, and dc power consumption of the cmos preamplifier was 43.57 mW. These experimental results show good performance of the integrated preamplifier compared with a Panametrics 5900Pr and other preamplifiers for high-frequency transducers. This effort represents the first step in the eventual realization of a complete integrated high-frequency receiving system. references of Dr. qifa Zhou and Dr. K. Kirk shung, Xiang is conducting his re
